The dependence of the 1/f noise on the 2D concentration in the channel of AlGaN/GaN heterostructure field effect transistors has been obtained taking into account the influence of the contact series resistance and the resistance of the ungated source-gate and gate-drain regions. At low channel concentrations, the Hooge parameter α increases with the decrease of the channel concentration n s approximately as 1/n s . This dependence can be explained by the tunnelling of electrons from 2D electron gas to the traps in GaN or AlGaN layers. At high channel concentrations, the electron spillover from the 2D-channel to a parallel low mobility, noisy 'parasitic conduction channel' leads to the increase of α with the concentration increase.
Introduction
AlGaN/GaN heterostructure field effect transistors (HFETs) have emerged as attractive candidates for high-power, high-frequency and high-temperature applications [1] [2] [3] . When these devices are used as oscillators or mixers in microwave and optical communication systems, their lowfrequency noise is one of the major factors determining the phase noise characteristics. In order to reduce the phase noise, the current noise has to be low in the entire operation range of the gate biases. In AlGaN/GaN HFETs, a substantial increase of the relative spectral noise density of drain current with the current decrease at fixed drain bias has been reported [4] [5] [6] [7] . The drain current fluctuations in AlGaN/GaN HFETs might increase with the drain current decrease even when the gate current fluctuations are negligible [8, 9] .
A model linking the 1/f noise in AlGaN/GaN HFETs to the fluctuations of the mobility limited by dislocations and explaining the increase of the noise with the drain current decrease was proposed in [5, 7] . However, this hypothesis is questionable, since the mobility at room temperature is practically unaffected by dislocations in good quality samples [10] .
In this paper, the concentration dependence of noise was extracted from the transistor dc and noise characteristics. The results are discussed and compared with those obtained in [5, 7, 9] .
Experimental details
The AlGaN/GaN heterostructures used in this study were grown by metalorganic chemical vapour deposition (MOCVD) on a semi-insulating 4H-SiC substrate. They consisted of a 50 nm thick AlN buffer layer, 0.4 µm thick undoped GaN layer, followed by an Al 0.2 Ga 0.8 N barrier layer, which was doped with silicon to approximately 2 × 10 18 cm −3 . Transistor structures were fabricated with Pt/Au as the gate metal and e-beam deposited Ti/Al/Ti/Au for the sourcedrain ohmic contacts. The contacts were annealed at 850
• C for 60 s using rapid thermal annealing (RTA) in nitrogen ambient. Gate recess was not used in our processing. The transistors had the source-drain spacing of 4-5 µm, the gate length, L, of 1-1.5 µm and a gate width, W , in the range of 50-150 µm. The transmission line model (TLM) structures and HFETs were fabricated on the same wafers. Two types of the structures were fabricated. In one of them (structure A), the thickness of the AlGaN layer was 30 nm. The thickness of the AlGaN layer in B structure was about 10 nm. All other parameters of the wafers were identical.
All dc and noise measurements were carried out in the linear (ohmic) regime at a small drain-source dc bias. A low-frequency noise was measured in the common source configuration in the frequency range from 1 Hz to 50 kHz.
The voltage fluctuations S V from the 100 resistor connected in series with the drain were analysed by a SR770 network analyzer. The low noise batteries were used for the drain and gate bias. The spectral noise density of the short circuit drain current fluctuations, S I d , was calculated using the well-known expression
where R = 100 is the load resistance, and r d is the differential resistance of the device under study.
Results and discussion

The dc measurements
For both types of structures, the capacitance-voltage measurements were performed at frequency of 1 kHz on the test transistors with the large gate area. The thicknesses of the AlGaN barrier layers found from the capacitance measurements were 30 nm and 10.6 nm for structures A and B, respectively.
For the entire range of the gate biases, V g , from zero to the threshold voltage, V T , the gate capacitance was practically constant manifesting the linear dependence of the electron channel concentration n s on the gate bias. The measured gate threshold voltages were equal to −4.5 V and −1.9 V for structures A and B, respectively. Figure 1 shows the dependence of the electron mobility µ n in 2D-gas on channel electron concentration n s calculated as
where
ds is the measured drain-source resistance at low drain bias, R c is the contact resistance, R s and R d are the series resistance of source-gate and gate-drain regions, respectively. The values R c , R s and R d were found from the TLM measurements [11] and known dimensions of the transistor. Sheet concentration n s was found as a function of the gate voltage V g from measured gate capacitance per unit area C
where V g1 is the gate voltage which was taken to be smaller than the threshold voltage V T . Since at V g < V T the gate capacitance is very small, the chosen value of V g1 does not significantly affect the dependence n s (V g ) given by equation (3) . As seen in figure 1 , µ n first increases with n s , reaches maximum at n s = (5-7) × 10 12 cm −2 , and then monotonically decreases with a further increase of n s . The increase of µ n with n s can be explained by increased screening of ionized impurities and dislocations in the 2D electron gas [12, 13] . The subsequent decrease of µ n can be attributed to the electron spillover from the 2D-channel to a parallel low electronmobility 'parasitic conduction channel' [10, 14] .
Three important factors should be noted. First, the maximum value of µ n ≈ 1000 cm 2 V −1 s −1 for structures A is very close to the measured electron Hall mobility. Therefore, the device processing does not affect the 2D electron gas properties. Second, the value of µ n is about ∼100 cm 2 V −1 s
at V g → V T for both A and B structures. This value is very close to the value of electron mobility in GaN layers [15, 16] . Third, the mobility in the channel of structures B is substantially lower than that in structures A.
Noise measurements
The noise spectra of current fluctuations S I had the form of 1/f noise with close to unity ( = 1.0-1.15) for both structures A and B. At low drain biases, V d < 1 V, the spectral noise density of short circuit current fluctuations, S I d , was proportional to the square of the drain voltage,
. Using the techniques described in detail in [8, 16] , we made sure that neither the contact noise nor the noise from gate leakage current contributed much to the total output HFET noise. Figure 2 shows the dependences of the relative spectral density of short circuit current fluctuations, S I d /I 2 d , multiplied by the gate area on the normalized drain current for devices from A and B structures. As seen in figure 2 , the level of noise in B devices is lower than that in A devices, in spite of a smaller mobility.
The inset in figure 2 shows the dependence of the relative spectral density of short circuit current fluctuations The dependence of noise on the normalized gate voltage shown in the inset can be analysed on the basis of the simple model proposed in [17] . Assuming that the noise sources are not correlated and located in the channel, and in the sourcegate and gate-drain regions, the spectral noise density of the drain current fluctuations can be presented as follows
where S Rch and S Rs are spectral densities of R ch and (R s + R d ) fluctuations, respectively. As suggested in [17] , the spectral noise density S Rs does not depend on the gate voltage. The contribution from the channel resistance S Rch varies with the gate voltage and complies with the Hooge formula: S Rch R 2 ch = α/Nf (α is the Hooge parameter, N is the total number of carriers in the channel under the gate, f is the frequency) [18] .
In the limiting case when the first term in equation (4) is dominant and (R s + R d + R c ) R ch equation (4) predicts
This is the steepest decrease of S I d /I gn . This effect is well known [5, 7-9, 19, 20] and it can be phenomenologically described via the dependence of the Hooge parameter, α, on the gate voltage. Figure 3 shows the dependence of the Hooge parameter α on the sheet channel concentration n s , extracted from Since values of n s are close for both structures, the level of screening of the ionized impurities cannot explain the difference in the noise levels as was suggested in [5, 7] .
In spite of the difference in the absolute values of the parameter α, the dependences of α on channel concentration, n s , are identical for both structures.
At low channel concentrations, α decreases with the increase of n s as α ∼ 1/n s , reaches a minimum and then increases with a further increase of n s . The minimum of the Hooge parameter in figure 3 corresponds to nearly the same concentration n s , as the maximum in the mobility curves shown in figure 1.
As discussed above, the decrease of the mobility at high concentrations, n s , can be attributed to the electron spillover from the 2D-channel to a parallel low electronmobility 'parasitic conduction' channel [10, 13] . The noise level in such a 'parasitic channel' should be very large and corresponds to α ∼ (10 −2 -1) for the bulk GaN [21] [22] [23] . The dependence α ∼ 1/n s is often observed in nchannel Si MOSFETs [24] [25] [26] . It is generally accepted now that the most probable mechanism for this noise is the electron tunnelling from the channel to the oxide. This noise mechanism was first proposed by McWhorter [26] in 1957. He assumed homogeneous distribution of traps in the oxide on the semiconductor surface and the tunnelling probability to the distance x proportional to exp(−x/x 0 ) where x 0 is the characteristic tunnelling length. As was shown in numerous papers (see [27, 28] , for example) this noise mechanism gives the 1/f spectrum in a very large frequency range. The spectral noise density of the number of carrier fluctuations depends only on trap density near the Fermi level and does not depend on the electron concentration in the channel. In this case the Hooge parameter α ∼ 1/n s [28] . Since we found the same behaviour in AlGaN/GaN HFETs, the noise observed might be linked to the similar noise mechanism: electron tunnelling from the 2D gas into the traps in GaN or AlGaN.
Conclusions
The dependences of the Hooge parameter, α, on sheet electron concentration in AlGaN/GaN HFETs are extracted from measured drain current fluctuations taking into account contact resistance and resistance of the ungated regions of the transistors. At high channel concentrations α increases with the increase of the concentration. This dependence is attributed to electron spillover from the 2D-channel to a parallel low electron-mobility 'parasitic conduction' channel. At low channel concentrations α is inversely proportional to n s (α ∼ 1/n s ). This dependence might be explained by electron tunnelling from the 2D gas into the traps in the bulk GaN or AlGaN.
